Dominant mutations in the gene encoding the mRNA splicing factor PRPF31 cause retinitis pigmentosa, a hereditary form of retinal degeneration. Most of these mutations are characterized by DNA changes that lead to premature termination codons. We investigated 6 different PRPF31 mutations, represented by single-base substitutions or microdeletions, in cell lines derived from 9 patients with dominant retinitis pigmentosa. Five of these mutations lead to premature termination codons, and 1 leads to the skipping of exon 2. Allele-specific measurement of PRPF31 transcripts revealed a strong reduction in the expression of mutant alleles. As a consequence, total PRPF31 protein abundance was decreased, and no truncated proteins were detected. Subnuclear localization of the fulllength PRPF31 that was present remained unaffected. Blocking nonsense-mediated mRNA decay significantly restored the amount of mutant PRPF31 mRNA but did not restore the synthesis of mutant proteins, even in conjunction with inhibitors of protein degradation pathways. Our results indicate that most PRPF31 mutations ultimately result in null alleles through the activation of surveillance mechanisms that inactivate mutant mRNA and, possibly, proteins. Furthermore, these data provide compelling evidence that the pathogenic effect of PRPF31 mutations is likely due to haploinsufficiency rather than to gain of function.
Introduction
Retinitis pigmentosa (RP) is a hereditary disease that causes progressive degeneration of the retina and leads in many cases to complete loss of sight. Clinically, RP is characterized by night blindness, which typically occurs at a young age. This is followed by progressive reduction of the visual field, generally from the mid-periphery to the far-periphery and then to the center, as a consequence of the gradual degeneration of both rod and cone photoreceptors. Electroretinograms (ERGs), which measure the electrical response of the retina to flashes of light, show that retinal responses are reduced and delayed in early life in patients with RP. As the disease progresses, ERGs decline in amplitude, retinal arterioles become attenuated, and the fundi usually show intraretinal pigment around the mid-periphery, after which the condition was named (1) . Randomized trials have shown that the average rate of progression of this condition was slowed in patients taking a daily dose of vitamin A as retinyl palmitate (2) and that, among those patients starting vitamin A supplementation for the first time, docosahexaenoic acid intake provided additional benefit for 2 years (3). Further observations over 4 years suggested that an oily fish diet enriched in omega-3 fatty acids, rather than docosahexaenoic acid supplementation, can further slow this condition (3) . Currently, the biochemical bases of these beneficial effects remain unclear. This disease is usually transmitted as a simple Mendelian trait (dominant, recessive, or X-linked), although some exceptions exist (4, 5) . So far, more than 80 different loci causing RP have been cloned or mapped (6) , among which is PRPF31, a gene associated with dominant RP and that encodes a pre-mRNA splicing factor. PRPF31 differs from most RP genes because it is ubiquitously expressed and it is essential for general cell metabolism and survival (7) . Nonetheless, it can be responsible for a disease that is restricted to the retina only, because heterozygous patients carrying PRPF31 mutations suffer from RP with no associated syndromes (8, 9) . The role of PRPF31 in the etiology of dominant RP is very likely linked to its main function in the mRNA splicing process, because 4 other essential pre-mRNA splicing factors and key components of the spliceosome have also been found to be involved in this disease (10) (11) (12) (13) .
Nonsense-mediated mRNA decay (NMD) is a widespread cellular process that proofreads nascent mRNA transcripts and destroys those that bear premature termination codons (PTCs) before they are actually translated into truncated and potentially harmful proteins (14, 15) . Similar to genomic deletions, most mutations producing PTCs behave as null alleles, because their corresponding mRNA is quickly degraded. However, if the PTC produced by the mutation occurs in the last exon of a given gene, the mutant mRNA is insensitive to NMD and is thought to be translated into a truncated protein (14, 15) . There are many examples of how NMD plays an essential role in human hereditary conditions, e.g., by inactivating PTC-containing alleles and by modifying the clinical phenotype or inheritance pattern of the disease (16, 17) . One classic example is represented by dominant and recessive β-thalassemia (18) . In this condition, all alleles producing PTCs in exons 1 or 2 lead to unstable mRNA and to a complete lack of β-globin in homozygotes (recessive form, where heterozygotes are healthy), whereas PTCs located in the last exon (dominant form) are also pathogenic in heterozygotes, because these mutations are insensitive to NMD and produce truncated dominant-negative forms of β-globin.
We performed a PubMed scan of the existing literature and found 40 different PRPF31 mutations. Three of these 40 mutations (p.Ala216Pro, p.Ala192Glu, and p.Thr138Lys) are clearcut missense changes (9, 10) , whereas 2 others (p.Glu183_Met-193dup and p.His111_Ile114del) cause the insertion or deletion of a few amino acids to the canonical polypeptide chain (10, 19) . The remaining 35 mutations are either large chromosomal deletions (6 of 35) or are mutations that lead to PTCs (29 of 35) and therefore are predicted to undergo NMD (9, 10, (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Of the latter mutations, c.1115_1125del, which is characterized by the deletion of 11 nucleotides in the middle of exon 11, deserves particular mention. This microdeletion was found in a very large family with dominant RP and was initially thought to be an NMD-insensitive allele because, based on in silico analyses, it would create a PTC in exon 14, the last PRPF31 exon (10) . Subsequent data have suggested that this mutation could inactivate an exonic splicing enhancer and thus promote the skipping of the entire exon 11 during mRNA splicing (30) and result in an out-of-phase PTC in exon 12. Accordingly, the c.1115_1125del change is expected to trigger NMD in the same way as all other PTC mutations (30) (Figure 1 ).
Here we investigate the functional bases of 6 different PTCcontaining PRPF31 mutations that recapitulate a substantial portion of the pathogenic variants detected thus far in patients with PRPF31-associated RP. To accurately reflect the natural situation, we took advantage of the ubiquitous expression of PRPF31 and analyzed the endogenous allelic mRNA and protein levels in lymphocyte cell lines derived from patients, thereby avoiding classic techniques based on the insertion of exogenous mutations by cell transfection and analysis of foreign DNA. We demonstrated that these PRPF31 mutations result in null alleles and decreased amounts of functional proteins. These findings have implications for most RP mutations linked to splicing factors, the physiological basis for the disease, and its clinical treatment.
Results
Clinical evaluation of patients. This study included 9 patients with dominant RP with known mutations in the PRPF31 gene (Table  1) . Ophthalmologic evaluations for individuals AG0293, AG0305, and AG0307 were reported previously (31) . The clinical findings for the remaining 6 patients at their initial visit are summarized in Table 2 . All patients had ERG findings typical of this condition, with reductions in both rod-dominated 0.5-Hz responses and cone-isolated 30-Hz responses. In common with other forms of RP, a similar pattern of field loss, presence of cataracts in some cases, and typical bone spicule pigment around the periphery was observed in 5 of 6 of these patients. Of interest was patient 14523, who had a lower reduction in ERG amplitudes recorded from both eyes than did the 5 other patients who presented at a younger age. This patient also showed no bone spicule pigment.
Figure 1
Effect of the PRPF31 c.1115_1125del mutation on its own transcripts. Mutant PRPF31 alleles carrying this mutation (vertical dotted bar) result in either a long mRNA form, which bears the deletion and a PTC just before the natural termination codon (stop) in exon 14, or a short mRNA form, in which exon 11 is skipped during splicing and a PTC is created in exon 12. The gray areas indicate the portion of the transcripts that have an out-of-phase reading frame. The drawing is not to scale. The amount of mutant PRPF31 mRNA is strongly reduced with respect to wild-type transcripts. We measured the expression of mutant PRPF31 alleles relative to their wild-type counterparts in lymphoblastoid cell lines derived from 9 heterozygous patients carrying 1 of these 6 mutations: c.177+1delG, c.323-2A>G, c.877_910del, c.319C>G, c.856-2A>G and c.1115_1125del. After cDNA synthesis, the region encompassing the mutation was amplified by semiquantitative RT-PCR using specific primers that could amplify both alleles in the same reaction. Relative quantification of the produced PCR fragments, performed using 2 independent techniques, gave the same results overall and was in agreement with our previous results (28) . We found that, for all cell lines analyzed, the amount of mRNA containing the mutation was markedly reduced in comparison with transcripts derived from the PRPF31 wild-type allele ( Figure 2) . Depending on the cell line analyzed, the expression of mutant mRNA alleles was reduced to between 6% and 25% (average = 14%) of the nonmutant PRPF31 transcript. For cell lines with the c.1115_1125del mutation, low levels of both predicted mutant mRNA forms were detected: the long form (carrying a canonical splicing pattern and the 11-bp deletion, hypothesized to be NMDinsensitive) and the short form (carrying the exon 10-exon 12 rearrangement, predicted to be potentially subject to NMD). To exclude the possibility that the observed phenomenon could be related to lymphocyte immortalization, we also measured allelic PRPF31 mRNA expression in leukocytes extracted from total blood of 4 of these 9 patients (14266, 12688, 13190, and 14284) and found a similar reduction in the mutant allele of between 6% and 30% (data not shown). 
Figure 2
Capillary electrophoresis of semiquantitative RT-PCRs spanning 6 different PRPF31 mutations. We analyzed unprocessed PCR products obtained with 6 different primer pairs, specific for each mutation, that could simultaneously amplify the wild-type and the mutant mRNA (cDNA) in the same reaction. The single curves shown are representative of 5 replicates from each of 3 independent cultures. The x axis indicates the approximate size (in bp) of the DNA fragments, whereas the y axis shows the amount of PCR product normalized to the peak height of the wild-type allele. PCR products originating from the mutant alleles are indicated by asterisks. For c.1115_1125del, the peak at ~197 bp is the short form produced by the skipping of exon 11, whereas the peak at ~260 bp is the NMD-insensitive long-form mRNA allele containing the 11-bp deletion. For the c.856-2A>G mutation, the red curve corresponds to cell line 12688, whereas the blue curve corresponds to cell line 13190. For the c.1115_1125del mutation, the PCR products from cell lines AG0293, AG0305, and AG0307 are indicated by the green, red, and blue curves, respectively.
Mutant pre-mRNA molecules are not transcribed at a reduced rate and have an intrinsic stability comparable with that of normal transcripts. To assess whether the observed low amounts of mutant mRNA molecules were due to an allele-specific reduction in their transcription rate (e.g., because of a weaker promoter), or to their intrinsic stability, we measured the amounts of nuclear pre-mRNA for both mutant and wild-type alleles. We selected the c.1115_1125del change as a model for all PRPF31 mutations, because this mutation was most prevalent in our patient cell lines. Allele-specific real-time PCR in cell lines at steady state from 3 different patients carrying this mutation showed that the amount of nuclear premRNA was approximately the same for both the wild-type and mutant alleles ( Figure 3A) .
Subsequently, we selected one of these cell lines (AG0307) and measured the amount of PRPF31 transcripts in nuclear pre-mRNA over a 21-hour time course, after blocking the synthesis of new RNA molecules by incubating the cells with the inhibitor of transcription actinomycin D. We performed PRPF31 non-allele-specific real-time PCR, normalized to individual PCR efficiencies, versus the amount of 18S rRNA. The results showed that although the amount of PRPF31 pre-mRNA decreased after blocking transcription ( Figure 3B ), the relative proportion of the mutant to nonmutant allele transcripts, as measured by semiquantitative RT-PCR, remained unchanged ( Figure 3C ). This indicated that the nuclear pre-mRNA molecules carrying the mutation had a half-life similar to that of their wild-type counterparts.
Taken together, these results indicate that mutant and wildtype PRPF31 alleles are transcribed at approximately the same rate and also have a comparable intrinsic stability. Therefore, at least for this particular DNA change, the presence of the mutant allele does not appear to interfere with either its own transcription or the amount of pre-mRNA to be processed by splicing.
Carriers of PRPF31 mutations have reduced amounts of PRPF31 protein and do not express detectable amounts of mutant protein. To assess
to what extent the observed reduction in PRPF31 mRNA levels translated into cellular PRPF31 protein abundance, total protein extracts were prepared from all lymphoblastoid cell lines carrying PRPF31 mutations and from 4 control cell lines. PRPF31 protein abundance was quantified via Western blotting using a specific Nterminal PRPF31 antibody and analyzed with the Odyssey InfraRed Detector (LI-COR Biosciences). This system uses a 2-color infrared detector that, unlike standard autoradiography film, allows the detection and quantification of fluorescent bands with a sensitivity of 1.2 pg across a 4,000-fold linear range.
For each cell line, we performed 4 replicate gels to simultaneously detect and quantify the abundance of PRPF31 ( Figure 4A , green bands) and β-actin ( Figure 4A , red bands). We consistently observed a decrease in the abundance of full-length PRPF31 with respect to normal controls ( Figure 4 , A and C). When combined, the PRPF31 content of cell lines derived from patients with RP was on average 69% of that derived from controls. This reduction was statistically significant (P = 0.0006, 2-tailed Student's t test). The results were identical when the PRPF31 abundance was normalized relative to the abundance of β-actin (as shown) or relative to the average PRPF31 abundance across the whole gel (data not shown). Similar results were observed for multiple protein extractions and replicate gels (data not shown).
Unlike in previous studies, the antibody generated in this study has the ability to detect truncated PRPF31 protein products, because it was generated against the N terminus. However, we were unable to detect the presence of any truncated proteins of the sizes predicted to be produced by the mutant alleles ( Figure 4A , boxed for each mutation). The sensitivity of our experimental setup was empirically determined using serial dilutions of total protein extracts and was shown to be able to detect PRPF31 proteins with a relative abundance of 3%-4% with respect to the observed fulllength PRPF31 protein (data not shown).
Cell lines with the c.1115_1125del mutation were predicted in silico to produce an NMD-insensitive mRNA transcript (the long form), which can result in a truncated protein of 469 amino acid
Figure 3
Allelic expression of nuclear PRPF31 pre-mRNA in c.1115_1125del heterozygotes. (A) The mutant and wild-type alleles in cell lines from 3 patients at steady state were expressed at a ratio of approximately 50:50. (B) When cell line AG0307 was treated with actinomycin D to block RNA transcription, the amount of PRPF31 pre-mRNA was progressively depleted because of splicing (0-60 minutes) followed by its intrinsic decay (after 60 minutes; data on specific effects of splicing and decay are not shown). (C) Nonetheless, the ratio between wildtype and mutant nuclear pre-mRNA was approximately the same and remained constant over time, which indicated that the half-lives of the 2 forms are the same.
residues (vs. 499 aa of full-length PRPF31), containing a unique sequence of 98 C-terminal amino acids. To specifically detect this 3- to 4-kDa smaller PRPF31 mutant form, we performed high-resolution Western blotting with the same antibody (15% PAGE gels, run for 120 minutes,) and analyzed them with the same fluorescent quantitative system. Despite the predictions and the fact that the long mRNA form is indeed insensitive to NMD (see below), no mutant protein corresponding to the long mRNA form was detected ( Figure 4B ). This observation was similar to that for all other PRPF31 mutations examined.
Full-length PRPF31 protein is not mislocalized in patient cells. A C-terminal anti-PRPF31 antibody was used to colocalize fulllength PRPF31 protein in patient-derived cell lines via indirect immunofluorescence. Consistent with observations in HeLa cells (32) , PRPF31 staining in our set of lymphoblastoid cell lines was restricted to a punctate subset of nuclear structures without staining the nucleoli or cytoplasm ( Figure 5 ). Staining with the splicing speckle marker SC35 ( Figure 5 ), which identifies the portions of the nucleus rich in splicing snRNPs and other splicing proteins, showed that these compartments were strongly but not completely colocalized ( Figure 5 , merged channels).
Importantly, full-length PRPF31 remained in these nuclear compartments in cell lines from patients with RP, and the distribution pattern of PRPF31 and SC35 was indistinguishable from that displayed by unaffected controls. Previous data has shown that 95% depletion of PRPF31 protein by RNAi results in the accumulation of spliceosome components elsewhere in the nucleus (33) . Our data indicate that full-length PRPF31 protein from patientderived cell lines, although less abundant, is not sequestered in other subnuclear compartments and suggest that the protein is present and likely to be functioning normally.
Degradation of mutant alleles is a consequence of an active process: NMD. All mutations analyzed are potentially susceptible to degradation at the mRNA level by NMD, because they are predicted to result in the creation of PTCs before the last exon, either directly or indirectly (28, 30) . To test whether NMD was responsible for the observed reduction in mRNA abundance for all our mutant transcripts, we treated each cell line with cycloheximide and emetine - 2 potent inhibitors of NMD. Both drugs increased the level of mutant mRNA in all patient cells except for cell line 14523, in which the c.177+1delG mutation causes the skipping of exon 2 ( Figure 6 ). These data indicate that NMD plays an active role in the degradation of PRPF31 mutant mRNA alleles that contain a PTC. Quantification of the relative expression of mutant mRNA versus wild-type mRNA by semiquantitative RT-PCR showed that this ratio increased 3 to 9 times, depending on the mutation, when cells from patients were grown in the presence of cycloheximide or emetine. In agreement with previous data obtained with different genes and mutations, treatment with these NMD inhibitors was unable to fully restore the expression of the mutant mRNA alleles, and emetine had a stronger inhibitory effect than did cycloheximide (34, 35) .
For patients bearing the c.1115_1125del mutation, inhibition of NMD only increased the amount of transcripts carrying the skipping of exon 11 (short form), whereas this treatment seemed to have little or no effect on the long form carrying the 11-bp deletion ( Figure 6 ). To verify whether the long form of the c.1115_1125del mRNA was indeed refractory to NMD and could potentially be Differential protein abundance and absence of truncated PRPF31 proteins in cell lines derived from patients. (A) Quantitative SDS-PAGE (10%) of total protein extracts from various patient cell lines and controls. Simultaneous infrared detection of proteins was achieved with a highly specific N-terminal anti-PRPF31 antibody (green) and a β-actin control (red). The white dotted boxes indicate the expected position of mutant proteins derived from NMDsensitive alleles, if they were present. Protein size cannot be predicted from the mutation in cell line 14523; however, it is likely to lack the N-terminal epitope for detection with this antibody. (B) Original magnification of another quantitative, high-resolution SDS-PAGE (15%) using protein extracts from a cell line carrying the c.1115_1125del mutation (AG0307) and from an unaffected control (AG0309). A highpercentage acrylamide gel, run over a longer time, was used to resolve the small size difference between PRPF31 proteins derived from the wild-type and the mutant long-form mRNA. However, only the full-length (wild-type) PRPF31 form was visible. (C) Quantification of PRPF31 protein abundance from cell lines derived from patients using a combination of 4 independent gels, including the one depicted in A, and normalized to the abundance of β-actin. Black bars, control cell lines; white bars, cell lines from patients with PRPF31 mutations.
translated into truncated PRPF31 proteins, we treated all cell lines carrying the c.1115_1125del mutation with 3 NMD inhibitors (cycloheximide, emetine, or puromycin) and specifically measured the expression of the long mutant mRNA form versus the PRPF31 wild-type allele in both nuclear and cytoplasmic mRNA extracts by allele-specific real-time PCR. As a control, we repeated the same procedures on cell line 14266, which bears a mutation that is clearly susceptible to NMD. Our results showed that, irrespective of the NMD inhibitor used, the amount of PRPF31 mRNA long mutant form was never rescued (Figure 7 ), neither for cytoplasmic nor nuclear RNA. These data indicate that the long form of this mutation escapes NMD and should therefore potentially be available for translation into a truncated protein. Yet, our experiments failed to detect this truncated protein. Taken together, these observations potentially implicate the presence of protein degradation pathways in the suppression of this deleterious PRPF31 allele.
Inhibition of UPF1 and simultaneous block of lysosomal trafficking and proteasome activity does not rescue mutant PRPF31 proteins. Our data indicate that there is a substantial discrepancy between the presence of mutant mRNA escaping NMD (14% of wild-type PRPF31 mRNA, on average, Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI34211DS1) and the lack of protein resulting from these mRNAs. Although many hypotheses can be made, one possible explanation for this discrepancy could be that mutant PRPF31 proteins fail to fold properly and/or are quickly degraded by housekeeping cellular mechanisms. To test this assumption, we investigated whether mutant PRPF31 proteins accumulated after stabilization of their respective mRNAs, along with inhibitors of protein degradation pathways.
Because NMD inhibitors such as cycloheximide, emetine, and puromycin block translation, we attempted to selectively silence the essential NMD gene UPF1 by RNAi using synthetic doublestrand RNA (36), pSUPER-derived constructs (37) , and lentiviral infection (38) . Although gene-silencing experiments were successful in standard laboratory cell lines (HeLa) and despite the high transfection/infection efficiency, lymphoblastoid cell lines derived from patients never exhibited any UPF1 downregulation (data not shown) - a difficulty also observed by others under similar conditions (39) . Therefore, we adopted a protocol using wortmannin to block phosphorylation and, thus, the activation of the essential NMD protein UPF1 without inhibiting protein synthesis (40) . Except for the NMD-insensitive cell line 14523, wortmannin treatment resulted in a substantial rescue of mutant mRNA, as measured by semiquantitative RT-PCR, that in some cases approached the level of the nonmutant allele and on average reached a level of 47% of the wild-type allele ( Figure 8A , Supplemental Table 1 ). Treatment with wortmannin in conjunction with the lysosome inhibitor chloroquine and the proteasome inhibitor MG132 showed similar results and, in some instances, even increased the expression of the mutant allele above that of the wild-type allele. Despite this substantial increase in mRNA level, none of the treatments resulted in the appearance of any truncated PRPF31 polypeptides ( Figure  8B ), which indicated that the reduced stability of PRPF31 proteins resulting from stabilized mRNA alleles, if they exist at all, is likely independent of the proteasomal and lysosomal proteases. These data are consistent with our previous observation that the long mutant c.1115_1125del mRNA allele failed to result in a detectable protein product, even though it was not subject to NMD.
Discussion
The vast majority of PRPF31 mutations that cause RP result in the creation of termination codons before the natural stop of the reading frame. In the present study, we investigated 6 different PRPF31 mutations that recapitulate this common situation using lymphoblastoid cell lines derived from 9 patients with autosomal dominant RP. Initially we demonstrated that there is a striking difference in mRNA expression levels between mutant and nonmutant alleles. We then showed that this difference could not be attributed to a modification in transcriptional activity of the mutant allele or to instability of the mutant mRNA transcript. We further demon-
Figure 5
Full-length PRPF31 protein is not mislocalized in patient-derived cell lines. Full-length PRPF31 (red) was detected by indirect immunofluorescence using a C-terminal antibody. A speckled staining pattern that was exclusively nuclear was observed, similar to PRPF31 localization in other cell types. Merged images demonstrated extensive, but not complete, colocalization with the marker for splicing speckles SC35 (green). No differences in staining patterns could be observed between affected individuals and unaffected controls, which indirectly suggests that PRPF31 function may not be impaired in patients. Blue indicates DAPI nuclear staining, and the scale bar applies to all images.
strated that all mutations resulting in PTCs located before the last exon result in mRNA alleles that are actively degraded by NMD. Of the small proportion of mutant transcripts that are still detectable, all fail to be translated into proteins, at least to a level detectable by highly sensitive and quantitative immunoblotting. Patient cell lines were also shown to contain a decreased level of full-length PRPF31 protein, the subnuclear localization of which cannot be distinguished from that of controls and is perhaps indicative of its normal functioning. Altogether, these data indicate that NMD plays a central role in the degradation of the mutant mRNA containing PTCs, which protects cells from potentially negative effects of these transcripts and their encoded products. Furthermore, we concluded that all of the PRPF31 mutations analyzed result in null alleles and that heterozygous patients who carry them can be considered functional hemizygotes.
We investigated dominant mutations in PRPF31, a pre-mRNA splicing factor that is essential for cell survival, yet causes a tissuespecific phenotype such as nonsyndromic retinal degeneration. We adopted this system as an extreme example of the elevated genetic and allelic heterogeneity displayed by RP, for which a similar phenotype may correspond to a high number of mutations encoded by many different genes (5) . For this kind of investigation and for medical research in general, access to suitable material for molecular and functional studies of diseases is of paramount importance. The ex vivo cell cultures used in this study naturally express PRPF31 and represent, we believe, the best possible experimental model for
Figure 6
Quantitative rescue of NMD-sensitive mutant mRNA alleles with cycloheximide and emetine treatment. Representative images of agarose gel and capillary electrophoresis of semiquantitative RT-PCR products from mutant PRPF31 transcripts are shown (for emetine only). For each cell line, PCR products were always run on the same agarose gel, but they were not contiguous. Data shown summarize measurements of 5 PCR replicates from 3 (emetine) or 4 (cycloheximide) treatments on independent cultures for each cell line. Cell line identification codes are shown on the left. The term ctrl refers to semiquantitative RT-PCR from a control cell line (GM104848). Throughout, the symbols + and − indicate the presence or absence of NMD inhibitors in the cell culture medium. The terms mut and wt correspond to PCR products from plasmids containing the mutant and wild-type alleles, respectively. Electrophoretograms were normalized to the height of the wild-type peak and aligned automatically. Black and red curves indicate the absence or the presence of emetine in the culture medium, respectively, and asterisks highlight PCR products derived from the mutant mRNA form. Treatment with either cycloheximide (blue bars) or emetine (red bars) partly restored the expression of NMD-sensitive mutant alleles and had no effect on NMD-insensitive mutant alleles. For cell lines AG0293, AG0305, and AG0307, bars show only the change in the NMD-sensitive allele (short form). Data presented as bar graphs are the combination of both densitometry values of agarose gel bands (ImageJ software) and the integration of peak from capillary electrophoresis (Biocalculator software). studying PRPF31 molecular genetics, because retinal biopsies are obviously not practicable, transgenic animals with similar splicing factor mutations have thus far failed to show any phenotype (41-44), and cell-based transfections of mutant protein constructs do not recapitulate the natural situation of a partial lack of PRPF31.
Quantification of PRPF31 mRNA extracted from whole cells from all patient-derived cell lines showed a significant underrepresentation of mRNA molecules originating from the mutant DNA allele, in agreement with previous results based on the measurement of allelic or total transcripts (28, 30, 45) . The magnitude of this decrease showed some variation and was possibly mutationdependent; however, the reduction was consistent in all cells analyzed (Figure 2) . Total mRNA at steady state is influenced by a number of processes, including the rate of transcription and the stability of transcripts. By quantifying allelic expression levels of pre-mRNA in the nucleus, we excluded the possibility that mutant PRPF31 RNA is transcribed at a reduced rate ( Figure 3A) or has a reduced intrinsic stability as compared with nonmutant transcripts (Figure 3 , B and C). We therefore conclude that posttranscriptional mechanisms are central to the observed cellular phenotype.
Despite in silico predictions, mutant PRPF31 mRNA degradation by NMD has never been proven. Inhibiting NMD with chemical treatments results in an increase of all PRPF31 mRNA alleles that encode PTCs located before the last exon, which indicates that this cellular mechanism is indeed responsible for their active degradation and for the overall reduction in PRPF31 expression ( Figure 6 ). An exception to this trend is seen with the mutation c.177+1delG, which also displays reduced amounts of mutant transcripts but seems to be insensitive to NMD inhibition. This mutation is peculiar, because it causes the skipping of exon 2, which contains the natural start codon of the reading frame (28) , and results in the likely use of an alternative AUG. Multiple out-of-frame AUG codons exist in the PRPF31 sequence, which potentially leads to PTC-containing, NMD-sensitive mRNA transcripts. However, in silico analysis of possible PRPF31 AUG codons matching the features of natural start sites (46) indicated that all 14 potential translation start sites are in-frame with the PRPF31 natural stop codon, the first 3 of which lie within exon 2. It has been shown that the loss of multiple in-frame AUG codons at the beginning of the coding sequence results in a substantial decrease in mRNA expression (47) . Therefore, the reduced expression level of this NMDinsensitive mutation could be explained by this phenomenon. Furthermore, we excluded, on the basis of real-time PCR experiments using primers that are located outside the rearrangement (28), the possibility that the c.177+1delG change could result in a leaky mutation, producing only occasionally the skipping of exon 2 but overall resulting in a regular amount of spliced mRNA. Although we do not have enough data to support a definitive genotype-phenotype correlation, it is of clinical interest that an individual who carries this mutation exhibits a milder phenotype by ERG than do individuals with other mutations ( Table 2) .
The mutation c.1115_1125del removes an exonic splicing enhancer in exon 11 and produces 2 distinct mRNA forms. A long form that displays a regular splicing pattern, carries this 11-bp deletion, and is NMD-insensitive, and a short form that exhibits an exon 10-exon 12 splicing rearrangement creates an NMD-sensitive PTC (Figure 1 ) (30) . A comparison of our results for pre-mRNA with those for steady state RNA measurements indicated that PRPF31 DNA alleles with the c.1115_1125del are mostly spliced into the short, NMDsensitive RNA form (~86%), whereas the long, NMD-insensitive mRNA represents the remaining ~14% of the mutant allele ( Figure  3 , Supplemental Table 1 ). The reduction in expression of the long mRNA mutant form is thus due to a preferential bias in favor of the short form during splicing, rather than to degradation via the NMD pathway. Indeed, the long form is untouched by the NMD process, remains constant in nuclear and cytoplasmic extracts (Figure 7) , and is potentially available as a template for protein synthesis. It is of interest to note that, although within the same range, the values relative to the percentage of the mutant long mRNA form with respect to the wild-type mRNA are slightly different when measured from total RNA and by semiquantitative RT-PCR (~14%; Supplemental Table 1 ) and when quantified after cellular fractionation by
Figure 7
The mRNA containing the c.1115_1125del mutation (long form) is insensitive to NMD. Treatment with emetine, puromycin, or cycloheximide partly rescued the relative abundance of mutant mRNA in the cell line 14266 (positive control, blue bars), but not the mRNA containing the 11-bp mutation in exon 11 (long form) extracted from cell lines AG0293, AG0305, AG0307 (respectively from left to right, bars in shades of orange), as measured by allele-specific real-time PCR. Nuclear (Nuc) and cytoplasmic (Cyt) mutant mRNA fold changes for each cell line (long form only) were calculated by dividing the mutant/wild-type allelic ratio following each NMD inhibitor treatment by the corresponding mutant/wild-type allelic ratio with no drug treatment. The rescue of the 14266 mutant mRNA was more pronounced in the presence of emetine and was more effective on Cyt RNA. Below: Allele-specific real-time PCR measurement of the long mRNA form in untreated cells showed that NMD did not affect the mRNA level of the long form of the c1115_1125del mutant allele, but was active on the 14266 mutant mRNA. Data represent the average of 3 real-time PCR replicates for each cell line and each treatment.
allele-specific real-time PCR (~25%; Figure 7 ). Although we have no proven explanation for this discrepancy, it is likely that the different methods used may have been responsible.
To study the subsequent effect of PRPF31 mutations at the protein level, we developed an anti-PRPF31 antibody specific to the first 15 N-terminal amino acids. This antibody is potentially able to recognize all PTC-containing mutations (except for c.177+1delG), in contrast with all currently available antibodies that recognize only C-terminal epitopes. Quantitative Western blotting showed that the decrease in total PRPF31 mRNA expression was reflected in the reduced abundance of PRPF31 protein in lymphoblastoid cell lines from all patients with PRPF31 mutations, mostly as a direct consequence of NMD targeting of mutant transcripts. However, whereas all are heterozygotes, these cell lines appeared to produce more than 50% of PRPF31 full-length protein (~69% on average; Figure 4) , with respect to controls. A similar tendency was previously observed at the mRNA level, as measured by real-time PCR and microarray hybridization, in a comparison of patients with PRPF31 mutations and healthy controls (28) . These values are potentially explained by a feedback compensatory mechanism that could be triggered by the lack of functional PRPF31, a mechanism worthy of further investigation.
Interestingly, although we were able to detect quantitative differences in full-length PRPF31 in these Western blots, we were unable to detect any truncated PRPF31 proteins resulting from the translation of any mutant alleles (Figure 4 ). This finding is significant because we demonstrated that this detection system was sensitive enough to identify PRPF31 variants as rare as 3%-4% of the fulllength form and that the amount of mutant PRPF31 mRNA that escapes degradation was on average 14% of that of the wild-type transcripts. These transcripts may represent mRNA that has been marked for NMD and not yet degraded or mRNA that is not effec-
Figure 8
Inhibition of NMD and the lysosomal and proteasomal protein degradation pathways does not rescue the synthesis of mutant PRPF31 proteins. (A) The addition of wortmannin (WRT) markedly enhanced the stability of most mutant forms of mRNA as measured by semiquantitative RT-PCR, except for mRNA derived from the c.177+1delG mutation that skips the initiation codon. A similar and sometimes more pronounced rescue was observed in the presence of WRT along with the lysosome inhibitor chloroquine (CHQ) and the proteasome inhibitor MG132. Data summarize measurements of 5 PCR replicates from 3 independent cultures treated as shown for each of the 6 cell lines. (B) Quantitative SDS-PAGE of the corresponding protein extracts from the same cell preparations. WRT treatment alone did not rescue the expression of any mutant proteins, nor did the addition of lysosomal and proteasomal inhibitors. Sample 14523 can be used as a negative control because it lacks the N-terminal epitope needed for recognition with this antibody.
tively translated. Alternatively, the truncated proteins derived from this mRNA could be quickly degraded or intrinsically unstable. Indeed, there are a number of examples in patient-derived cellbased systems where protein products from mutant alleles cannot be detected and are suggested to be unstable (48) (49) (50) (51) (52) (53) . Meanwhile, the detection of truncated proteins after inhibition of NMD remains atypical (39, 54) . The discrepancy between the presence of mutant transcripts and the complete lack of mutant proteins is particularly relevant for the long mRNA form originating from the c.1115_1125del mutation, which amounts to 14% of the wild-type mRNA, is not targeted for NMD, and nonetheless does not seem to result in any truncated protein. Altogether, these data suggest the presence of an additional control mechanism that prevents the formation of truncated proteins, possibly one that is connected to NMD and/or to the splicing process.
We addressed this concept by treating cell lines containing PRPF31 mutations with wortmannin, which inhibits NMD while preserving protein synthesis, and observed a strong increase in the production of mutant mRNA. However, most interestingly, there was no complementary detection of truncated proteins, even at mRNA levels that were equal to those of the wild-type allele (Figure 8 ). Similar observations have been reported for one specific example, where expression of 20 BRCA1 mutant alleles and 1 CHK2 mutant allele was elevated in the presence of wortmannin (39) . When treated in conjunction with the lysosome inhibitor chloroquine, 2 truncated BRCA1 proteins were detected, which suggests that these mutant proteins were unstable and rapidly degraded; however, no such truncated bands were detected for any of the other mutations tested. Using a similar approach, we supplemented the culture medium of all our cell lines with wortmannin, chloroquine, and the proteasome inhibitor MG132. Despite this treatment, we could not rescue the expression of any mutant PRPF31 protein forms, which suggests that lysosomal and proteasomal degradation pathways have little or no impact on the abundance of PRPF31 truncated proteins in vivo and that, perhaps, the mRNA encoding these mutations is not translated.
There is strong support for a lack of translation of similar mutant alleles in cancer cell lines by a process known as nonsensemediated translational repression (NMTR). In a recent study, a number of natural mutations that encode PTCs before the last exon were shown to escape NMD, yet truncated protein transcripts were not detected and their mRNAs were not associated with polysomes (55) , which indicates that the mutant mRNA is not translated. In light of this finding, we suggest that the small amount of mRNA transcripts present in our patient cell lines is likely subject to NMTR, which prevented the synthesis of truncated proteins. Likewise, mutant mRNA that is present at elevated levels, due to the inhibition of NMD, is perhaps also a target for NMTR and hence not translated. Therefore, products of mutant alleles containing PTCs would appear to be degraded or inactivated by 2 complementary mechanisms, NMD and NMTR, which effectively prevent the synthesis and remove all traces of truncated proteins resulting from their transcription and translation.
To date, some PRPF31 mutations have undergone functional analysis. For the p.Ala194Glu and p.Ala216Pro missense changes, ectopic expression of mutant cDNA in standard laboratory cell lines or by in vitro assays demonstrated that these 2 amino acids are essential for the interaction with the spliceosome protein 15.5K and U4 snRNA (56, 57) . Furthermore, plasmids carrying these mutations produce PRPF31 proteins that are unable to translocate into the nucleus with high efficiency and, therefore, have a reduced function in the splicing process (56) . Although these important data shed new light on the functional role of PRPF31 in pre-mRNA splicing, they do not represent the situation commonly found in patients with PRPF31-linked RP, whereby a majority of the mutations result in PTCs. Other experiments in transfected cells have tested the effect of the expression of 2 truncated forms of the PRPF31 protein, theoretically derived form the c.769_770insA and c.1115_1125del mutations (58, 59) . Unfortunately, these experiments have little to no biological or clinical relevance, considering our main findings on the lack of expression of c.1115_1125del alleles and other PTC-containing alleles under normal conditions and that both cDNA constructs used were incorrectly truncated at the site where the frameshift occurs and not at the site of the PTC. Significant and very interesting data exist on the effects of RNAi-based PRPF31 inactivation, which mimic more closely the situation demonstrated by findings and in patients with large deletions. These experiments showed that a strong PRPF31 depletion leads to the accumulation of essential spliceosome components in Cajal bodies and, therefore, likely to the block of the splicing process (33) . PRPF31 immunodepletion experiments in mammalian cells induced a block in the formation of the catalytic tri-snRNP particles (32) , and complete loss of PRPF31 has also been shown to be lethal in yeast (7) . Our data show that there is an underrepresentation, but not a complete absence, of PRPF31 protein in patient cell lines and that the nonmutant protein is localized normally within these cells. This finding further supports the notion that the PRPF31 protein present in patients functions normally, although this cannot be directly tested, and thus the situation in patients is very different from that observed in knockdown and immunodepletion experiments.
Taken together, our results are particularly important concerning the molecular etiology of RP, because they indicate that PRPF31 mutations very likely cause RP via a haploinsufficiency mechanism rather than through a dominant-negative effect. We cannot completely exclude the presence of small, undetectable amounts of truncated forms of PRPF31 or of tissue-specific NMD (60, 61) that are potentially active in lymphoblastoid cell lines but not in the retina. However, both of these possibilities are unlikely given that recent genetic screenings have shown that a non-negligible portion of patients are true hemizygotes who carry large deletions in the PRPF31 region (24, 25) . The crucial question that remains is how is it possible that PRPF31, an essential component of the spliceosome (a macromolecular machinery that is vital in all eukaryotic organisms) and a protein necessary for cell survival, is implicated in a tissue-specific, non-life-threatening phenotype such as dominant RP. Some hypotheses implicate the alteration of alternative splicing in the retina or of retinal-specific genes; others assume an effect on nearly all photoreceptor transcripts, a cell type in which demand for mRNA and therefore splicing is perhaps elevated. Other explanations take into account a possible alternative "moonlighting" function, unrelated to splicing, which PRPF31 performs specifically in the retina. Whatever the mechanism, what is certain is that a mild reduction in the PRPF31 content somehow results in certain retinal-specific deficiencies. Finally, our finding that haploinsufficiency is the likely mechanism for nearly 90% of all known PRPF31 mutations has important consequences for future gene therapy in an easily accessible tissue, where supplementary expression of a common full-length PRPF31 cDNA construct could be the treatment for many genetically different cases.
Methods
Patients. Patients 12688 to 14686 were seen for a complete eye examination, which included kinetic visual fields and full-field ERGs obtained with computer averaging and narrow bandpass filtering, as described previously (2) . Visual fields measured with a Goldmann perimeter were quantified with respect to total remaining visual field areas. ERGs were obtained after 45 minutes of dark adaptation and were quantified with respect to peakto-peak amplitudes. Biological samples were donated by the patients after they provided informed consent in accord with the Declaration of Helsinki. Patients AG0293, AG0305, and AG0307 were described previously (31) .
Cell culture and drug treatment. The Epstein-Barr virus immortalized lymphoblastoid cell lines used in this study were derived from affected patients ( Table 1) and unaffected controls (patients 13167, 14419, and 14251) and cultured as previously described (28) . Cell lines from a family segregating the c.1115_1125del mutation (10, 31, 62) (Table 1 ) and a control (AG0309) were purchased from the European Collection of Cell Cultures. Another normal control cell line (GM104848) was purchased from the Coriell Cell Repository.
Treatment with cycloheximide (Sigma-Aldrich) was performed by incubating 10 million cells for 4 hours in the presence of medium supplemented with 28 μg/ml of this chemical (from a 100 mg/ml master solution prepared in DMSO), according to published protocols (63) . Similarly, treatments with emetine and puromycin were carried out by incubating 10 million cells with 300 μg/ml of these drugs (Sigma-Aldrich) for 6 hours. Inhibition of NMD through the inactivation of UPF1 phosphorylation, blocking of lysosomal trafficking, and inactivation of the proteasome were achieved by treating 5 million cells with 100 μM wortmannin, 100 μM chloroquine, or 50 μM MG132, respectively, for 6 hours. All negative controls were treated with a relevant volume of DMSO alone.
Transcription inhibition experiments were performed by growing 100 million lymphoblastoid cells in the presence of 5 μg/ml of actinomycin D (Sigma-Aldrich). Aliquots of 10 million cells were taken at different time points (0, 15, 30, 60, 120, 300, 540, and 1260 minutes) after the addition of actinomycin D.
RNA extraction and cDNA synthesis. For total RNA extraction, cells were homogenized with QIAshredder columns (QIAGEN), and RNA was isolated using the RNeasy Kit (QIAGEN) according to the manufacturer's instructions and including on-column DNAse treatment. Total RNA was used as a retrotranscription template to generate all semiquantitative and real-time PCR data presented in this work. An exception to this method involved the analysis of the effects of NMD inhibitors on nuclear and cytoplasmic mRNA, performed on the long PRPF31 mRNA form from cell lines AG0293, AG0305, and AG0307 and on the mutant PRPF31 mRNA from cell line 14266, from which RNA was extracted after nucleus-cytoplasm fractionation.
Nuclear and cytoplasmic RNA were prepared, according to published protocols (64) , by incubating 10 million cells in 1 ml of lysis buffer (10 mM Tris-HCl, pH 7.4; 150 mM NaCl, 1.5 mM MgCl2, 100 mM NaF, 10 ng/ml aprotinin, 1 mM PMSF, 1 mM DTT, 10 U/ml RNasin, and 0.5% NP-40) for 15 minutes on ice. Cells were disrupted by passing them through hypodermic needles (25 G) 10 times. The crude nuclear fraction for nuclear mRNA extraction was obtained by collecting the pellet after centrifugation at 1,000 g for 5 minutes at 4°C. The supernatant was centrifuged for a further 5 minutes at 11,500 g for 5 minutes at 4°C. The cytosolic RNA was extracted from the supernatant of this second centrifugation step.
To prepare mRNA-derived cDNA, 2 μg of RNA was retrotranscribed using anchored poly-dT oligos (dT20VN) and Superscript III reverse transcriptase (Invitrogen) and followed by RNase H treatment to remove RNA. For pre-mRNA analysis, RNA was treated with RNase-free DNAse I (Roche) to completely remove the DNA and was retrotranscribed using random hexamers. To confirm the absence of genomic DNA in cDNA preparations, control reactions lacking the reverse transcriptase enzyme (−RT) were performed. These preparations were run in parallel to and used as negative controls for each RT-PCR or real-time PCR amplification.
Semiquantitative RT-PCR. We consulted the Entrez Gene database for sequence information (http://www.ncbi.nlm.nih.gov; mRNA and protein sequences of PRPF31, NM_015629 and NP_056444, respectively; mRNA and protein sequences of UPF1, NM_002911.3 and NP_002902.2, respectively). Specific primer pairs were designed to amplify regions of the cDNA containing all mutations studied (Supplemental Table 2 ). To detect the c.319C>G mutation, a supplementary primer specific to the mutant allele was designed to distinguish between the different alleles. Specific primers were also designed to detect all 3 different forms of PRPF31 cDNA resulting from the c.1115_1125del mutation, i.e., wild-type and long and short mutant forms.
PCR conditions and primer sequences were optimized for each primer set to amplify only the targeted nucleic acid species (e.g., mature RNA or pre-mRNA), including cycling conditions that were determined to be within the linear phase of the amplification. PCRs were performed in a final reaction volume of 25 μl containing 1× HotStart Taq PCR buffer, 500 μM MgCl2, 100 μM 2′-deoxynucleoside 5′-triphosphate mix, 200 nM of each primer, and 0.1 U of HotStart Taq (QIAGEN). Reactions were incubated at 95°C for 15 minutes followed by 35 cycles at 95°C for 15 seconds and at 60°C for 1 minute. For primer pairs that amplified the cDNA carrying the c.319C>G, c.856-2A>G, or c.877_910del mutations, 1× Q-Solution (QIAGEN) was added to the reaction mix, and the PCR conditions were modified as follows: 95°C for 15 minutes followed by 35 cycles at 95°C for 15 seconds and at 62.6°C for 1 minute.
PCR products were resolved on 3% Nusieve 3:1 agarose gels (Cambrex) and by capillary electrophoresis with the eGene HDA-GT12 Multi-Channel Genetic Analyzer (eGene Inc.) and quantified by 2 independent methods, i.e., by using ImageJ software (65) on agarose gels and by using Biocalculator software (eGene Inc.) for runs performed with the HDA-GT12 instrument. Data obtained with these 2 methods were combined to calculate the mean values of the ratio between mutant and wild-type band intensities, and the error propagation relative to this operation was calculated accordingly. An exception to this method was for measurements performed in carriers of the c1115_1125del mutation, because agarose gel migration could not effectively separate the wild-type and the mutant mRNA long form and allow the proper use of the ImageJ software. Measurements for this mutation were obtained by using only the Biocalculator software.
To confirm the identity of the amplified products, and to generate size controls for all mutant and wild-type alleles, PCR products were subcloned into TOPO TA vectors (Invitrogen), purified with the Qiaprep Spin Miniprep Kit (Qiagen), and sequenced using the BigDye Terminator v1.1 Cycle Sequencing kit (Applied Biosystems).
Real-time PCR. Real-time PCRs were performed using the ABI Prism 7500 Sequence Detector in a final volume of 20 μl containing Power SybrGreen (Applied Biosystems) and using specific primers (Supplemental Table 2 ). As template, we used 4 μl of cDNA corresponding to 20 ng of retrotranscribed RNA.
Allele-specific real-time PCR for pre-mRNA allelic quantification in 3 patients with the c.1115_1125del mutation was performed using primers specific to either the wild-type or mutant pre-mRNA (Supplemental Table 2 ). Further allele-specific real-time PCR primer pairs were designed to quantify the nuclear and cytoplasmic long mutant mRNA form molecules versus the wild-type mRNA, in the presence or absence of NMD inhibitors, in carriers of the c.1115_1125del mutation and for mutant versus wild-type mRNA alleles from the positive control cell line 14266 (Supplemental Table 2 ). These allelespecific quantifications were performed by using the "standard curve" method, using the wild-type pre-mRNA or mRNA expression as a reference and
